The internal structural proteins of avian sarcoma and leukemia viruses are derived from a precursor polypeptide that is the product of the viral gag gene. The N-terminal domain of the precursor gives rise to p19, a protein that interacts with the lipid envelope of the virus and that may also interact with viral RNA. The C terminus of p19 from the Prague C strain of Rous sarcoma virus was previously assigned to a tyrosine residue 175 amino acids from the N terminus. We have used metabolic labeling and carboxypeptidase digestion to show that the C terminus of p19 is actually tyrosine 155. This implies the existence of a sixth gag protein 22 amino acids in length and located between p19 and plO on the gag precursor. The p19 species of some recombinant avian sarcoma viruses and of the defective endogenous virus derived from the ev-1 locus migrate on sodium dodecyl sulfate-polyacrylamide gel electrophoresis as if they were about 4,000 daltons smaller than p19. We have elucidated the structure of these forms, called p190, by analysis of the proteins and determination of the DNA sequence of the p19 region of the gag gene from ev-1 and ev-2. Esterification of carboxyl groups completely suppressed the differences in migration of p19 and pl9,l. Peptide mapping showed the altered mobility to be determined by sequences in the C-terminal cyanogen bromide fragment of the proteins. We conclude from the DNA sequence that a single glutamate-lysine alteration is responsible for the altered electrophoretic mobility.
The internal structural proteins of avian sarcoma and leukemia viruses are derived from a precursor polypeptide that is the product of the viral gag gene. The N-terminal domain of the precursor gives rise to p19, a protein that interacts with the lipid envelope of the virus and that may also interact with viral RNA. The C terminus of p19 from the Prague C strain of Rous sarcoma virus was previously assigned to a tyrosine residue 175 amino acids from the N terminus. We have used metabolic labeling and carboxypeptidase digestion to show that the C terminus of p19 is actually tyrosine 155. This implies the existence of a sixth gag protein 22 amino acids in length and located between p19 and plO on the gag precursor. The p19 species of some recombinant avian sarcoma viruses and of the defective endogenous virus derived from the ev-1 locus migrate on sodium dodecyl sulfate-polyacrylamide gel electrophoresis as if they were about 4,000 daltons smaller than p19. We have elucidated the structure of these forms, called p190, by analysis of the proteins and determination of the DNA sequence of the p19 region of the gag gene from ev-1 and ev-2. Esterification of carboxyl groups completely suppressed the differences in migration of p19 and pl9,l. Peptide mapping showed the altered mobility to be determined by sequences in the C-terminal cyanogen bromide fragment of the proteins. We conclude from the DNA sequence that a single glutamate-lysine alteration is responsible for the altered electrophoretic mobility.
The protein p19 in avian sarcoma and leukemia viruses (ASLV) is one of the gag proteins that form the internal structure of virus particles. This protein may play a pivotal role in virus assembly. p19 acts as a matrix protein, being in close apposition to the lipid bilayer of the virus. This inference stems from cross-linking studies which have shown that p19, but not other gag proteins, can be covalently linked to phosphatidylethanolamine with bifunctional reagents specific for amino groups (20) . The recent observation that p19 can be cross-linked to the integral membrane protein gp37 (8) further supports this notion. In addition, p19 is reported to bind specifically to ASLV RNA (14) , suggesting a role in RNA packaging. The amino-terminal quarter of the protein appears to be involved in both of these reactions (12, 22) . p19 is derived from the amino terminus of the primary translation product of the gag gene, the gag precursor Pr76 (6) . The blocked N-terminal methionine residue of mature p19 and of Pr76 are identical (18) . The C terminus of p19 is a tyrosine residue (1) and was previously assigned to amino acid residue 175 in the Prague C strain of Rous sarcoma virus (PrC-RSV) (24) .
ASLV-related viruses can be isolated that are recombinants between an exogenous avian sarcoma virus and the endogenous Rous-associated virus-0 (RAV-0) (the product of the ev-2 locus). Such recombinant viruses can be selected for by their transforming ability (presence of the src gene, from RSV) and their host cell specificity (presence of an env gene of subgroup E, from RAV-0). In one study, many of the recombinants were unexpectedly found to contain, instead of the p19 species of both parents, a functionally and structurally related protein, termed pl9p, that appeared to be 4,000 daltons smaller in sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (27) . The To determine the nature of the difference between p19 and pl9,B, we performed protein and DNA sequence analyses on examples of these proteins and their genes. From the data presented here we conclude that, in contrast to previous inferences, (i) the p19 polypeptide terminates at the tyrosine at residue 155, thus suggesting the existence of a sixth small ASLV gag protein, and (ii) the difference between the normal p19 species of exogenous viruses and the apparently smaller species of ev-J and the recombinant viruses is not in size, but rather in a single charged amino acid residue.
MATERIALS AND METHODS Cells and viruses. Chicken embryo fibroblasts infected with PrC-RSV and a quail cell line producing the noninfectious RNA packaging mutant SE21Q1b (15) were grown in tissue culture as described previously (22) . Procedures for preparation of radioactive viruses have also been described elsewhere (20) . For fresh preparations of [35S]cysteinelabeled virus, the following protocol was used. Confluent monolayers of cells (100-mm-diameter dishes) were washed twice with phosphate-buffered saline and then incubated for 30 min with periodic shaking in 1.5 ml of Earle balanced salt solution containing radioactive cysteine. The labeling solution was replaced with 6 ml of complete growth medium, and a single collection of supernatant was made after 8 h. Debris was removed from the collected medium by centrifugation (8,000 x g, 10 min), and virus was pelleted by further centrifugation (90,000 x g, 1 h) through a cushion of buffer (0.1 M NaCl, 1 mM EDTA, 50 mM triethanolamine hydrochloride, pH 7.5) containing 20% sucrose. Viral pellets were suspended in the same buffer plus 5% sucrose and used directly. [ (22) , and cleavage products were analyzed by SDS-PAGE in gels containing 20% acrylamide-0.15% methylene bisacrylamide. For two-dimensional gels-SDS-PAGE followed by SDS-urea PAGE-analyses were performed exactly as described previously (21 
RESULTS
C terminus of p19. The C terminus of p19gag of the Prague B strain of RSV is a tyrosine residue (1). According to the DNA sequence of the gag gene of PrC-RSV and the SRA strain of RSV (SRA-RSV) (24, 30) , the only tyrosines that occur in the first 200 amino acid residues are at positions 15, 46, 155, 175, and 181 (according to the conventional numbering of PrC). These and other important features of the predicted amino acid sequences of this part of the gag gene are shown in Fig. 1 . The residue at position 181 is known to be the fourth amino acid from the N terminus of plO (11) . The tyrosine at position 155 or 175 must therefore mark the end of p19, the molecular weight of which is about 17,000 (33) . The DNA sequence further predicts that the only histidine before the beginning of plO is residue 156. If the C terminus of p19 is residue 175, therefore, radioactive histidine should label the polypeptide, whereas if its C terminus is residue 155, it should not.
To decide between these two possibilities, we cultured Numbers below the line refer to the N-and C-terminal amino acid residues of the mature gag proteins p19, p2, plO, p27, p12, and p15, which are proteolytically cleaved from the gag precursor Pr76. L, Untranslated leader sequence. The arrows denote known N or C termini; the absence of an arrow (p2 and plO) indicates that the terminus has not been identified. The p19 region of the gag gene is shown expanded on the lower line. Amino acid residues important for this study are marked at the residue number: cysteine (C), methionine (M), tyrosine (Y), and histidine (H). For completeness, the amino acids between residues 174 and 181 are shown as well: proline (P), valine (V), glycine (G), serine (S), and leucine (L). All of the cysteine, methionine, tyrosine, and histidine residues in the 181-amino acid stretch of polypeptide are shown, except for cysteines at positions 163 and 165 in p2. The cyanogen bromide fragments described previously (22) to the C-terminal end of p19. Freshly prepared [35S]cysteinelabeled virus was dissolved in 6 M guanidine hydrochloride in the presence of dithiothreitol, and free sulfhydryl groups were then aminoethylated, a procedure that converts cysteine into a lysine analog. We reasoned that if p19 ends at residue 155, then after removal of tyrosine by CPA the resulting modified cysteine residue would be a substrate for CPB, which is specific for lysine and arginine residues. Figure 3 shows the results of an experiment in which treatment of aminoethylated p19 with a mixture of CPA and CPB released [35S]cysteine. No radioactivity was released by CPA alone, and no radioactivity was released by the mixture of enzymes when p19 that had not been aminoethylated was used as the substrate. As a further control, after the carboxypeptidase digestions for different times, trichloroacetic acid-precipitated p19 labeled with 35S or with 1251 was analyzed by SDS gel electrophoresis and fluorography. The radioactive bands showed no evidence of internal breakage, migrating indistinguishably before and after the carboxypeptidase digestions (data no shown (Fig. 3) , corresponding to 50% of total 125I label in p19, in less than 10 min. We assume that this plateau represents all of the C-terminal tyrosine. (The efficiency of iodination of each of the three tyrosine residues in p19 is unknown.) We therefore infer that the aminoethylation was not complete, perhaps because complete reduction of the putative disulfide bonds is difficult to achieve.
In summary, we conclude from the carboxypeptidase and the metabolic labeling experiments that the C terminus of p19 is tyrosine 155. Since the next known gag protein begins with the serine at residue 178 (11), these conclusions imply the existence of a stretch of 22 amino acid residues, which we denote provisionally as p2 , that is not contained in the five major gag proteins. This stretch of polypeptide is relatively hydrophobic and very rich in cysteine. We presume that p23 differs from p19 by the presence of the p2 moiety at its C terminus.
Nature of the electrophoretic differences in p19 species. (27) . In a previous study on the gag protein p1O, we observed by SDS-PAGE that large differences in the electrophoretic mobility of plO from different ASLV can be completely suppressed by esterifying free carboxyl groups in acid methanol (21) . This treatment did not result in any significant size change based on gel filtration. Esterification also caused the two different p19 species, in this case from PrC-RSV and SE21Q1b x RAV-1, to migrate together (Fig. 2) : the mobility of p193 was unaltered (compare lanes g and h), but the mobility of p19 was increased dramatically (compare lanes e and f). The gag proteins p27, plS, and p12 are hardly affected by the treatment. The gag protein p1O, which in both viruses was obscured by p15 and p12, appeared as a more rapidly migrating band after esterification. Similar effects were obtained with p19 from avian myeloblastosis virus and pl9P from PrE21-21 and SE21Q1b (data not shown). The increased mobility of p19 after esterification suggests that this polypeptide contains one or more peculiar carboxylate residues that are not found in pl9P and that retard its mobility. It is well documented that the addition of negative charges to proteins can decrease their mobility in
SDS-PAGE (32).
An independent size determination, migration in SDS-urea PAGE, further supports the conclusion that p19 and p1913 are the same size. This result is shown in Fig. 4 , which presents the results of two-dimensional electrophoresis of a mixture of PrC-RSV proteins and ev-1 proteins. The proteins were first electrophoresed in a standard SDS gel, and the gel strip was then placed on an SDS-urea gel for the second electrophoresis. The arrows point to the two p19 species which can be seen to have separated well in the first J. VIROL. What portion of the p19 polypeptide is responsible for the anomalous migration of p19 relative to pl9,B? We applied the cyanogen bromide mapping technique previously described (19, 22) to answer this question. Figure 5 presents a comparison of the CNBr cleavage profiles of p19 (lane a) and P193 (lane b). Bands containing these proteins were excised from an SDS gel and treated with CNBr under conditions that give a mixture of complete and partial cleavage products, and the resulting peptides were electrophoresed on a second SDSpolyacrylamide gel. The numbers at the left of the figure indicate the compositions of the peptides in the bands, 1 being the N-terminal and 4 the C-terminal complete CNBr fragment (see Fig. 1 ). This assignment of bands was derived from our previous analysis of CNBr-cleaved p19 on SDSurea PAGE, coupled with a two-dimensional comparison of the cleavage fragments on SDS-PAGE and SDS-urea PAGE (data not shown). The only major difference in the profiles is the mobility of the fragment 4-containing partials 3-4 and 1-2-3-4, the latter being the uncleaved p19 species itself. The other fragment 4-containing partial, 2-3-4, was not resolved as a distinct band in this analysis. Bands the two p19 forms lies within fragment 4, between the methionine predicted from the DNA sequence at residue 139 and the C-terminal tyrosine at residue 155.
DNA sequence of the p19 region in ev-1 and ev-2. To identify exactly the origin of the electrophoretic difference between p19 and pl9P, we sequenced portions of the cloned DNA for ev-1, which has pl9f, and as a control, the same region for ev-2, which has a normal p19. The nucleotide sequences and predicted amino acid sequences for these viruses and, for comparison, for other known ASLV DNAs are shown in Fig. 6 
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Predicted amino acid sequence of the N-terminal portion of the gag gene of ev-1 and ev-2. The top line shows the predicted sequence for ev-1, starting at the first amino acid of p19. The second line shows the sequence of ev-2, and subsequent lines show sequences for other ASLV. A dash indicates identity. At the position marked by an arrow, after 167, two extra amino acids (Thr-Ala) occur in SRA-RSV and Y73. The extensive changes in the predicted sequence of plO of SRA-RSV are due to an apparent reading frame change at nucleotide 980, which has not been independently confirmed.
In conclusion, the DNA sequence analysis, together with the cyanogen bromide peptide mapping and the effect of esterification, provide strong evidence that the glutamate at residue 143 somehow acts to retard the p19 species in SDS-PAGE.
DISCUSSION
We have presented data to show that the C terminus of ASLV p19 is the tyrosine at residue 155 on the gag precursor polypeptide, a conclusion that derives from both C-terminal analysis with carboxypeptidases and metabolic labeling studies. The previous assignment of the carboxy terminus to tyrosine 175 (24) , which has been copied onto other published DNA sequences of gag-related transforming proteins (13, 23) , was based on the observation that CPA quantitatively releases tyrosine but no other amino acid from p19 (1). We presume that it is not a penultimate proline residue but rather secondary structure or disulfide bonding of cysteine 154 that explains the ability of CPA to release only a single amino acid. In previous amino acid analyses of nonradioactive ASLV gag proteins, p19 was reported to contain 0.8 residues of histidine (avian myeloblastosis virus and PrC-RSV [10] ), 0.2 (avian myeloblastosis virus), or 0.6 (MC29 myelocytomatosis virus [7] ) residues of histidine, or 1. 4 residues of histidine (Prague B strain of RSV [1]). We do not know the origin of these discrepancies with our own data, which imply that there are no histidines in p19.
Our result provides explanations for several observations on p19 and p19-related proteins that were less readily accounted for by the previous assignment of the C terminus to residue 175. First, the molecular weight of p19 is close to 17,000 by gel filtration in 6 M guanidine hydrochloride (33), exactly as predicted by a size of 155 amino acids. Second, the first amino acid of the gag protein plO is residue 178 (11 (29) , feline leukemia virus (9) , and in the distant avian relative of these viruses, spleen necrosis virus (17) , as well as in the apparently unrelated human T-cell leukemia virus (26) . In murine leukemia virus (32) and feline leukemia virus, this sequence occurs in p12, and so one can speculate that p2 shares some of the properties of that protein.
We have shown that the exchange of a single amino acid residue, glutamate for lysine at position 143, drastically alters the mobility of p19 in SDS-PAGE, changing the apparent molecular weight by about 4,000. Although charge is known to affect mobility in SDS-PAGE (31), such a large effect is highly unusual. Since SDS-PAGE is used routinely and often uncritically to estimate molecular weights, our finding that the migration anomalies of p19 as well as of plO (21) can be suppressed by esterification is of technical importance. We do not know what is special about this p19 glutamate residue. There are many other glutamates in p19, and other gag proteins have a similar mole fraction of glutamate. In RSV, this residue occurs in the dipeptide Glu-Glu, but this is not a unique feature; the DNA sequence predicts two other Glu-Glu dipeptides in p19, and these apparently do not contribute to the aberrant mobility, since esterification of carboxyl groups in the p19,B of ev-J does not alter its mobility. We presume that some feature of the p19 secondary structure that is maintained in SDS is altered by the glu-4ys change at residue 143.
The conclusion that p19 and pl9P differ by a missense mutation obviates the need for the awkward postulate that deletions in the gag gene occur frequently in crosses of RAV-0 and RSV. Since neither parent has the p193 protein, however, the question remains as to how this apparent alteration in amino acid residue 143 occurred. We suggest as a model to explain these results that the RAV-0 parent in this cross consisted of a mixture of virus particles containing RNA derived not only from the ev-2 locus (RAV-0) but also from the ev-1 locus. This locus is normally transcriptionally inactive but can become activated spontaneously in some embryos and also can be turned on by exposure of cells to azacytidine (4) . Although the virus particles formed from ev-I are biologically defective (4), transcription rates from activated ev-1 and ev-2 can be comparable (5) . The biological inactivity of the ev-I virus and its close similarity to ev-2 would make the presence of ev-1 in a mixture difficult to detect in the absence of RNA fingerprinting (3). The ev-I genetic information in cells has been shown previously to readily recombine with that of other endogenous viruses being replicated in the same cells (3). If there was no inadvertant selection for ev-J sequences in the original cross, then the model proposed would predict that the stock of RAV-0 used in the cross should give rise to some pl9,B molecules when infected into appropriate chicken cells.
Comparisons of the DNA sequences for ev-J, ev-2, and other ASLV show that the regions coding for p19 are highly conserved and that those for plO are somewhat less conserved. It has been demonstrated previously that the sequences upstream of the gag gene, i.e., the leader region, are not highly conserved among several ASLV (2). For example, in the 380 nucleotides of the leader, PrC-RSV differs from ev-J by 28, PrC-RSV from SRA-RSV by 39, and SRA-RSV from ev-J by 49 single base changes. (In addition, SRA-RSV has an insertion and a deletion in this region). In contrast, ev-1 and ev-2 differ at only three positions (Malavarca et al., personal communication), indicating that they are closely related, a conclusion also reached from Ti olignucleotide mapping of virion RNAs (3). Indeed, all the ev loci appear to be closely related to each other by this type of analysis (3). It is therefore surprising that, in one small portion of the part of the gag gene that we have sequenced-the C terminus of p19 and p2 and the N terminus of plO-ev-1 and ev-2 differ by six nucleotides. These differences, with one exception (nucleotide 974), are clustered between nucleotides 776 and 862, the ev-2 sequence in this stretch being identical to that of PrC-RSV. One explanation of these observations is that a block of genetic information from an exogenous virus like PrC-RSV was acquired by the progenitor to ev-2, presumably before the latter became established in the chicken germ line but only shortly after ev-1 and ev-2 diverged from each other. Sequence analysis of the remainder of these genomes and of the other ev loci may serve to clarify the phylogenetic relationships of the several chicken endogenous viruses.
